shows the surface current distribution at 2.26 and 2.89 GHz. There is a strong surface loop current flowing mainly between the TL and the second unit cell. This shows dependence of the resonance frequency on the shunt inductance L L and capacitive gaps C L . While at 2.89 GHz, out-of-phase currents flows in the two stubs which excite resonance frequency at 2.89 GHz. Figures 8 shows simulated radiation efficiency and peak realized gain. The simulated radiation efficiency of the proposed antenna at 2.26 GHz is 64% and 92% at 2.89 GHz. The realized gain is 1.74 dBi at 2.26 GHz and 2.69 dBi at 2.89 GHz. Table 1 shows the comparison of the gains and efficiency of the proposed antenna with the reference antennas. Figures 9 and 10 show simulated and measured radiation patterns. Due to the shift in the resonance frequencies of the fabricated prototype, the measurement is carried out at 2.25 and 2.98 GHz. There is close resemblance between the measured and simulated radiation patterns obtained for both E-plane and H-planes. A bidirectional radiation patterns are obtained in the E-plane and omnidirectional patterns in H-planes.
CONCLUSION
A dual-band CRLH metamaterial antenna has been proposed in this article. The antenna was composed of two planar CRLH unit cells with compact dimensions of 31 mm 3 22 mm 3 1.57 mm (0.23 k o 3 0.17 k o 3 0.011 k o ) at 2.26 GHz. The dispersion diagram shows the resonance characteristics of the unit cell. The resonance frequency of the negative order mode is controlled by the circulating loop currents, and multiband characteristics can be achieved by increasing the number of unit cells. The dual-band prototype is fabricated and measured with peak realized gains of 1.74 and 2.69 dBi at 2.26 and 2.89 GHz, respectively. And a peak radiation efficiency of 92% was obtained for a frequency range of 2-3 GHz. Radio identification (RFID) technology has been adopted in many sectors such as supply chain management, object monitoring and tracking, access control to name a few [1, 2] . This pervasive and ubiquitous implementation of RFID system is due to several advantages offered by the technology like it does not require line of sight to operate, able to read several tags simultaneously, uniquely identify an object and can hold large information about the product compared to other automatic identification (Auto-ID) technology such as barcode. A basic RFID system is comprised of a tag or multiple of tags and a reader [3] . Tag is a small wireless device to be attached to an object to be tracked and monitored while reader acts to read the information carried by the tag when the tagged objects are within the vicinity of the reader. RFID system can be classified into several categories based on the operating frequency, power source, and protocols that govern its communication. Low frequency (LF), high frequency (HF), ultrahigh frequency (UHF), and microwave are the main operating frequency band of RFID system. LF and HF systems operate in the near field region via inductive coupling between the tag and reader's coils while UHF and microwave system communicate in the far field region through the traveling electromagnetic wave [4] . As a result, UHF system hold several advantages over other systems like longer read range, higher transmission rate, and larger storage capacity. Due to these factors, UHF system is rapidly becoming the preferred solutions in most of today's RFID applications. Conversely, tag can be grouped into three main categories which are active tag, semiactive tag, and passive tag. This classification is made based on how the tag microchip is powered up to operate. Unlike passive tag, active tag is equipped with internal power source such as battery or energy harvested circuit and transmitter. Meanwhile, semiactive tag has its own internal power source but in the absence of transmitter. For passive and semiactive tag, due to the absence of transmitter, the communication from the tag to the reader is performed using a unique modulation technique called back-scattering modulation [5] . The modulation is executed by the microchip by changing its front end complex RF input impedance to match and mismatch with the impedance at the tag antenna input terminal. This match and mismatch states corresponds to the bit "0" and "1," respectively. The resulting reflected power received by the reader varies between two states high and low, thus enable the demodulation of the information sent by the tag. The operating frequency of each country varies within the UHF band. In European region, the allocated frequency band is 866-868 MHz, in North America, 902-928 MHz is utilized, whereas 952-956 MHz is the frequency band used in Japan [6] . Typical configuration of tag is shown in Figure 1 . To successfully implement RFID system, several factors need to be considered like cost, read range, reliability, and size. The cost of tag can be significantly reduced by adopting a passive system and is the main interest of this research.
In passive UHF RFID system, tag antenna plays a pivotal role to ensure the system is able to meet the requirements. The most common type of antenna used is label-type modified dipole antenna. This type of antenna is adopted mainly due its low cost, thin profile, and its flexibility to be conformal to the objects it is attached to. Many research works have been conducted to further improve the antenna design as presented by [7, 8] . The main aims were focused on reducing the cost of the antenna, its size as well as to improve the read range and the impedance bandwidth of the tag. However, the performance of these label-type antenna are severely degraded when the tags are attached to metal objects. The shift on operating frequency, complete impedance mismatch, distorted radiation pattern were among the effects caused by the cancellation of the electrical current of the antenna by the metallic surface [9, 10] . This scenario can be best described through image theory concept. Considering that there are many RFID applications that require tag to be attached to a metal objects such as to track a metal containers and boxes in the warehouse, an antenna that is able to function properly when mounted on metal objects are required.
As a result, several type of antenna namely inverted-F antenna (IFA), planar inverted-F antenna (PIFA), and microstrip patch antenna have been proposed. These types of antennas utilize a metal plate at the bottom layer of its structure that mostly acts as a ground plane. Several works of IFA and PIFA were presented in [11, 12] . It has been experimentally proven that these antennas are able to work when mounted on metallic object. However, thick and complex structure as well as low bandwidth are the limitations of the antennas.
Microstrip patch antenna has several advantages such as low profile, robust, and easy to fabricate. A number of works have been presented to meet various requirements for RFID metallic application as presented in [13] [14] [15] . However, they have narrow bandwidth hence preventing them to be used in a global scale. The required impedance bandwidth to cater the entire UHF RFID frequency band is around 100 MHz. In addition, the structure of the antenna proposed in [16, 17] has either cross or multilayered configuration such as two substrate type, shorting plate, and wall as well as vias. To simplify the fabrication of the microstrip patch antenna, the antenna structure should use simple configuration to reduce cost. A number of studies on patch antenna without any electrical connection to the ground plate or metallic plate at the bottom layer of the antenna were successfully carried out in [18] [19] [20] [21] . However, the drawback of these designs is the limited bandwidth for universal use.
The motivation in this research is to design a complete planar wideband microstrip patch antenna for UHF RFID tag. To match the input impedance of the proposed patch antenna to the complex impedance value of the reference microchip, Alien-Higgs 3, Z c 5312j212 X, a rectangular loop structure is utilized. For bandwidth enhancement, two C-shaped radiating elements are inductively coupled to the rectangular loop feed to excite two resonances close to each other to form a wide impedance bandwidth. The wide bandwidth of the antenna eliminates the need to individually tuning the antenna to meet the operating frequency of specific country and region it is intended to use hence simplifying the manufacturing process. Moreover, it also ensures that the tagged items are able to be continuously tracked and monitored even when they are shipped or transferred around the world. Due to its completely planar profile, the antenna can be easily fabricated, thus providing a potential cost reduction. The rest of the article is organized as follows. Section 2 discusses the antenna design. Section 3 presents the simulation and the measurement results while conclusion is made in Section 4. A planar wideband microstrip patch antenna for UHF RFID tag is proposed in this article. The antenna consists of a rectangular loop feed structure for complex impedance matching and two Cshaped radiating patches for bandwidth improvement. Unlike typical microstrip antenna where the antenna is designed to have load impedance of 50 X to match with the transmission line it is connected to, the input impedance of tag antenna should be designed such that it is conjugate matched with the impedance of the microchip. The performance of the complex impedance matching can be expressed in term of return loss, RL as in Eq. (1) [22] RL5220log 10 jCj (1) where C is the voltage reflection coefficient at the antenna input terminal given by [23] C5
where Z in is the antenna input impedance. Due to the presence of the rectifier and energy storage capacitor inside the microchip, its impedance value is always capacitive in nature where its reactance value is large and negative. To match with the referenced microchip, a rectangular feed loop structure is chosen [24] . The feed loop acts as a transformer to transform the impedance of the patch antenna to match with the complex impedance of the microchip. The impedance seen at the antenna input impedance is given by
where Z loop , M, and Z rb are the input impedance of the loop, mutual inductance between the loop and the radiating element and input impedance of the radiating element. Based on Eq. (3), the input resistance, R in and input reactance, X in are individually expressed in Eqs. (4) and (5)
Where f 0 is the operating frequency of the antenna. Based on Eq. (6), the approximated geometry parameter of the feed loop can be calculated using Eq. (6) as shown below [25] .
where a, b, and W f are the perimeter of the feed loop. This inductively coupled loop structure can be easily tuned to match with arbitrary impedance value of the microchip. The changes in loop feed parameter will mainly affect the reactance value while the input resistance is mainly determined by the distance between the loop and the radiating patches. Hence, the resistance and the reactance value at the antenna input terminal can be independently optimized which simplify the optimization process of the impedance matching. The simulation and optimization of the antenna were carried out using finite element method based software Ansoft HFSS 13.
To increase the impedance bandwidth of the proposed antenna, two radiating patches are used to excite two resonances close to each other to form wide impedance bandwidth to cater the entire UHF RFID band of 860-960 MHz. The initial geometry of the patches was derived from the typical rectangular patch calculated from closed form equation expressed below.
where L, L eff, and DL are the effective length, physical length, and the extended length due to fringing field effects. DL is given by [26] W is the width of the rectangular patch, h is the substrate height, and e eff is the effective dielectric constant. For the case W/h > 1, e eff can be calculated using Eq. (9) as follows [27] e
e r is the relative dielectric constant of the substrate. The width of the radiating patches is fixed to 10 mm so as to reduce the antenna size. The substrate for the antenna is a cheap FR-4 material whose relative permittivity, e r , is 4.4 and the tangential loss of 0.02. The thickness of the substrate was chosen to be 1.6 mm to keep it low profile. Although a low gain is anticipated due to reduced patch width and thin dielectric substrate, it is nevertheless enough to provide a reasonable read range for the entire UHF band. To further reduce the antenna dimension, a rectangular slot is cut at one side of the patches to form a C-shaped patches. This increased the electrical current length on the patches which caused the resonances to shift to lower region of frequency hence allowing the length of the patches to be reduced. Moreover, a narrow slot was embedded at each patch for easy tuning of the resonant frequency without having to change other parameter of the patches. The structure of the antenna is shown in Figure 2 and the optimized parameter value is tabulated in Table 1 . The proposed metal tag antenna was then fabricated using a cheap printed circuit board technology. The prototype of the design is depicted in Figure 3 .
RESULTS AND DISCUSSION
The surface current density of the antenna at both resonant frequencies obtained from the simulation is illustrated in Figure 4 . It is clearly shown that the antenna resonates at two different frequencies of 883 and 953 MHz. To investigate the functionality of the proposed antenna for tagging metallic objects, the antenna was simulated on a reference metallic plate of 200 3 200 mm 2 . Furthermore, the measurement of the antenna input impedance was carried out on two scenario, on free space and when being mounted on metallic plate.
The simulated and measured impedance of the antenna for the two scenarios are depicted in Figure 5 . A good agreement between the two results proves that good impedance matching is realized throughout the entire UHF frequency band. The slight different in input resistance between the simulation and measurement results are due to fabrication inaccuracies and the surrounding effects during the measurement process. Although a shift in resonances was observed between the two scenarios from the simulation, however measurement results show that there was hardly any shift in frequency between them. This proves that the antenna is able to function properly when being mounted on metal objects when most label-type tag antennas fail to work. In addition, the half-power impedance bandwidths (RL ! 3 dB) for both cases are well above the required 100 MHz bandwidth as shown in Figure 6 .
The simulated and measured normalized gain radiation patterns of the antenna at the operating frequency of 915 MHZ are shown in Figure 7 . Both radiation patterns show good agreement between them. Furthermore, the simulated peak gain of the antenna is illustrated in Figure 8 . It is observed that the gain of the antenna increased when being attached to a larger metal plate. This shows that the performance of the proposed patch antenna will improve when use for metallic application.
CONCLUSION
A planar wideband microstrip patch antenna is proposed in this research. Two C-shaped patches are fed by rectangular loop feeding structure to increase the bandwidth of the antenna for universal usage. The planar structure of the antenna provides ease of fabrication due to the exclusion of multi and cross layered configuration. The design of the antenna is supplemented by simulation and experimental results. The simulated and measured half-power bandwidths of the antenna (RL ! 3 dB) are 159 and 155 MHz, respectively. Moreover, the peak gain of the antenna is sufficient to give reasonable read range for the entire UHF frequency band. In the future, measurement for the read range of the proposed tag antenna will be carried out. 
